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Summary 
The physiological role of BDNF and NT-3 in the devel- 
opment of the vestibular and auditory systems was 
investigated in mice that carry a deleted BDNF and/ 
or NT.3 gene. BDNF was the major survival factor for 
vestibular ganglion neurons, and NT-3, for spiral gan- 
glion neurons. Lack of BDNF and NT-3 did not affect 
ingrowth of nerve fibers into the vestibular epithelium, 
but BDNF mutants failed to m~intain afferent and effer- 
ent innervation. In the cochlea, BDNF mutants lost 
type 2 spiral neurons, causing an absence of outer 
hair cell innervation. NT.3 mutants showed a paucity of 
afferents and lost 87% of spiral neurons, presumably 
corresponding to type 1 neurons, which innervate in- 
ner hair cells. Double mutants had an additive loss, 
lacking all vestibular and spiral neurons. These results 
show that BDNF and NT-3 are crucial for inner ear de- 
velopment and, although largely coexpressed, have 
distinct and nonoverlapping roles in the vestibular and 
auditory systems. 
Introduction 
Balance, posture, and equilibrium are mediated by infor- 
mation conveyed from the vestibular sensory receptors 
to the brain, and hearing is conveyed from the cochlear 
sensory receptor. The sense organs of the vestibular inner 
ear include the hair cells in the sensory epithelia of the 
saccule and utricle and of the cristae of the three semicir- 
cular ducts, which are innervated by afferents from ves- 
tibular ganglion neurons. The auditory receptor of the 
cochlea includes the inner and outer hair cells of Corti's 
organ, which are innervated by afferents from spiral gan- 
glion neurons. 
The peripheral target of the cochleovestibular ganglion 
contains troph ic activity that supports the survival of these 
neurons in culture (Ard et al., 1985; Hauger et al., 1989; 
Hemond and Merest, 1992; Lefebvre et al., 1992; Zhou 
and Van De Water, 1987). The best characterized gene 
family of trophic factors, the neurotrophins, include nerve 
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growth factor (NGF; Levi-Montalcini, 1987), brain-derived 
neurotrophic factor (BDNF; Barde et al., 1982; Leibrock 
et al., 1989), neurotrophin-3 (NT-3; Ernfors et al., 1990; 
Hohn et al., 1990; Jones and Reichardt, 1990; Kaisho et 
al., 1990; Maisonpierre et al., 1990; Rosenthal et al., 1990) 
and neurotrophin-4 (NT-4; Berkemeier et al., 1991; Hall- 
bS~k et al., 1991; Ip et al., 1992). The initial finding that 
the common low affinity neurotrophin receptor, p75NG FR, 
is expressed in the inner ear (Bernd and Represa, 1989; 
Despres et al., 1991; HallbeSk et al., 1990; Raivich et al., 
1987; von Bartheld et al., 1991) suggested a role for mem- 
bers of the neurotrophin family of neurotrophic factors in 
inner ear development. 
The significance of neurotrophin interactions for inner 
ear development was apparent from the findings that ves- 
tibular and spiral ganglion neurons express mRNAs for 
the BDNF signal transducing receptor, trkB, and the NT-3 
signal transducing receptor, trkC (Ernfors et al., 1992; Yli- 
koski, et al., 1993), and that cells of the inner ear sensory 
epithelia express mRNAs for BDNF and NT-3 in a distinct, 
partially overlapping pattern (Ernfors et al., 1992; Pirvola et 
al., 1992; Ylikoski et al., 1993; Schecterson and Bothwell, 
1994). The lack of expression of NGF and NT-4 mRNAs 
suggested a requirement only for BDNF and NT-3 in inner 
ear development. In the embryonic and neonatal rat, NT-3 
mRNA is localized to both the differentiating hair cells and 
surrounding supporting cells of the cochlear and vestibular 
sensory epithelia, whereas BDNF mRNA is localized ex- 
clusively to the differentiating hair cells (Pirvola et al., 
1992). In addition, BDNF, but not NT-3, mRNA is ex- 
pressed in the sensory epithelia of the crista ampullaris 
(Ernfors et al., 1992; Pirvola et al., 1992). The expression 
of BDNF and NT-3 at postnatal stages is more restricted. 
NT-3 mRNA is present in inner hair cells of the cochlea 
and BDNF mRNA in hair cells of the vestibular maculae 
(Ylikoski et al., 1993). In culture, BDNF and NT-3 have 
mitogenic effects on cochleovestibular neurons (Represa 
et al., 1993) and, at later developmental stages, act on 
both vestibular and spiral ganglion neurons to promote 
the survival of these neurons (Avila et al., 1993; Davies 
et al., 1986; Pirvoia et al., 1994; Vazquez et al., 1994). 
Both spiral and vestibular ganglion neurons respond to 
BDNF and NT-3 at the time of target encounter and in- 
nervation; however, BDNF is more potent in promoting 
the survival at later embryonic stages (Avila et al., 1993). 
In agreement with these studies, more than 80% of the 
vestibular ganglion neurons are lost in mice that geneti- 
cally carry a mutation of the BDNF gene, and innervation 
of the saccular and utricular sensory epithelia and the cris- 
tae of the semicircular ducts is compromised (Ernfors et 
al., 1994a), apparently causing the deficiency in balance 
and coordination of movement manifested at 1 week after 
birth. NT-3 mice display no overt phenotype related to inner 
ear deficiency but display severe defects in movements 
of the limbs, correlated with the absence of the propriocep- 
tive sense organs (Ernfors et al., 1994b). 
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Table 1. Number of Vestibular and Spiral Ganglion Neurons in BDNF (+ -), ( - / - ) ,  NT-3 ( - / - ) ,  and BDNF (-I-)INT-3 ( - I - )  Mutant Mice 
Vestibular Ganglion Neurons Spiral Ganglion Neurons 
Number of Neurons Number of Neurons 
__. SEM Percent Loss _+ SEM Percent Loss 
Control (+/+)mice 2301 _+ 76 (n = 3) NA 6008 -+ 253 (n = 3) NA 
BDNF(+I-) mice 1534 _+ 53 (n = 3) 33 a 
BDNF(-I-) mice 408 _+ 27 (n = 3) 79 c 5616 _+ 59 (n = 4) 7 
NT-3 (-I-)mice 1702 _+ 150(n = 3) 34" 753 _+ 46 (n = 3) 87 b 
BDNF(-I-)mice 32_+24 (n =3) 99 ° 0 -+ 0(n = 4) 100 ~ 
All cell counts were performed on mice at postnatal day 10-15, except he double mutant mice, which were embryonic day 18. Sections were 
stained with cresyl violet and neurons counted by light microscopy. Only neurons with a clear nucleus and nucleoli were counted. Counts were 
not corrected for split nucleoli. 
a p < 0.05, Student's t test. 
b p < 0.01, Student's t test. 
° p < 0.001, Student's t test. 
Because BDNF and NT-3 are the only neurotrophins 
that are expressed in inner ear, the derivation of mice 
carrying a deleted BDNF (Ernfors et al., 1994a; Jones et 
al., 1994) and NT-3 (Ernfors et al., 1994b; Farinas et al., 
1994) gene provides a unique opportunity to understand 
physiological requirements for these neurotrophic factors 
in inner ear development. We have used ultrastructural, 
histological, immunohistochemical, nd neuronal tracing 
methods to examine the importance of BDNF and NT-3 
during fetal and postnatal ife for the survival of vestibular 
and spiral ganglion neurons and their requirement for the 
establishment and maintenance of afferent and efferent 
innervation of vestibular and auditory hair cells. 
Results 
Vestibular and cochlear innervation and the survival of 
afferent neurons in mice lacking BDNF and/or NT-3 was 
analyzed. Mice homozygous for a deleted BDNF (Ernfors 
et al., 1994a) or NT-3 (Ernfors et al., 1994b) gene were 
generated by crossing animals heterozygous for a deleted 
BDNF or NT-3 gene. To investigate the phenotype of mice 
deficient for both neurotrophins, mice heterozygous for 
both BDNF and NT-3 were crossed, and the offspring ana- 
lyzed. The results will be described in three sections. Anal- 
ysis of BDNF mutant mice is described first, followed by 
the description of NT-3 mutant mice. Finally, we will sum- 
marize the phenotype of mice lacking both neurotrophins. 
The principal findings of postnatal BDNF and NT-3 mutant 
mice have been summarized in Table 2 and in the sche- 
matic drawings of Figures 6A and 6B. 
BDNF Mutant Mice 
Vestibular and Spiral Ganglion Neurons 
To determine the physiological role of BDNF in vivo for 
the survival of the sensory neurons that innervate the inner 
ear sense organs, the number of neurons in the vestibular 
and spiral ganglia of mutant mice was examined at postna- 
tal days 10-15 (P10-15; Table 1). A significant loss of 
vestibular ganglion neurons was detected in the BDNF 
( - / - )  mutant mice (79%; Table 1) similar to previous re- 
sults (Ernfors et al., 1994a). Mice heterozygous for the 
mutation displayed a 33% loss of the vestibular ganglion 
neurons as compared with control ganglia counts (Table 
1A). Spiral ganglion neurons were decreased by 7% in 
BDNF (- I - )  mice (Table 1). 
To determine the developmental period for neuronal 
loss of the vestibular ganglion in BDNF(-I-) mice, embry- 
onic day 13 (E13), E16, and P0 ganglia were counted. A 
near normal number of vestibular neurons was present at 
E13; however, by E16, approximately 80% of the neurons 
had been lost. Because no significant further loss of vestib- 
ular ganglion neurons was evident at P0 or P14 (Figure 
1), these results show that neuronal loss caused by the 
lack of BDNF occurs between E13 and E16. 
Peripheral Vestibular Afferent Innervation 
Pioneering nerve fibers penetrate the vestibular sensory 
epithelium at early E12, and a significant increasing num- 
ber have accumulated by E16 (Galinovic-Schwartz et al., 
1991). To study the afferent innervation of the vestibular 
compartments of the BDNF (- I -)  mice, we employed im- 
munocytochemistry, neuronal tracing, and electronmi- 
croscopy. Polyclonal antiserum 9651 directed against ex- 
tracellular domains of the p75NGFR and 9993 antiserum 
against intracellular domains of the p75NGFR were used 
for immunocytochemical detection of afferent innervation 
(Huber and Chao, 1994). Identical staining patterns were 
obtained with the two antisera, and immunostained tissue 
sections using the 9651 antiserum are displayed in the 
figures. 
Vestibular ganglion neurons of control mice were not 
immunoreactive atE13, weakly at E16, and strongly at P0, 
but afferent nerve fibers exiting the ganglion were already 
stained at E13 (data not shown). Only rarely had immuno- 
reactive fibers penetrated the saccular sensory epithelium 
of controls at E13, but nerve fibers were more often de- 
tected in the utricular epithelium at this stage (Figure 2A, 
small arrows). At E16, P0, and P24, numerous p75NGFR- 
positive fibers had penetrated both maculae epithelia, with 
immunoreactive nerve terminals ensheathing the hair 
cells in the shape of chalice formations (Figure 2C, P0). 
In E13 BDNF (- I -)  mice, a few fibers were detected in 
the saccular and more in the utricular sensory epithelium 
(Figure 2B, small arrows), similar to control. However, at 
E16, P0, and P6, the vestibular sensory epithelia of BDNF 
( - / - )  mice were devoid of immunoreactive material, and 
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Figure 1. Developmental Time of Vestibular Ganglion Neuron Loss 
in BDNF (-I-) Mice 
Vestibular ganglion neurons were counted in E13, E16, P0, and P14 
BDNF (-/-) and control mice. The percentage of remaining vestibular 
ganglion neurons in BDNF(-I-) mice (n = 3 per stage).is plotted as 
a percentage of the controls (n = 3). Note the reduction of neurons 
in the BDNF (-I-) mice between E13 and E16, as compared with 
controls. 
fibers were only detected in the underlying connective tis- 
sue layer (Figure 2D, P0), presumably corresponding to 
afferents from the surviving (i.e., 20%) vestibular ganglion 
neurons in the E16, P0, and P24 BDNF ( - I - )  mice (com- 
pare Table 1). 
Central Vestibular Afferents 
The loss of peripheral vestibular fferents and most vestib- 
ular ganglion neurons suggested a deficiency also of the 
central vestibular afferents. Primary vestibular nerve affer- 
ents terminate in four major vestibular nuclei (the superior, 
lateral, medial, and spinal vestibular nuclei; Paxinos, 
1985). The lipophilic carbocyanine drug 1, l ' -dioctadecyl- 
3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil) was 
applied to the eighth cranial nerve attached to the brain 
stem of P6 control and BDNF ( - I - )  mice to trace the central 
vestibular afferents. Vibratome sections prepared at the 
level of the vestibular nuclei of control mice revealed a 
dense network of afferents terminating in areas corre- 
sponding to the vestibular nuclei (Figure 3A). In addition, 
numerous vest ibulocerebel lar fibers (Figure 3A, curved 
arrow) terminated in the Purkinje cell layer of the uvula, 
nodulus, and flocculus (data not shown). In contrast to the 
control mice, afferents were almost completely absent in 
the vestibular nuclei of the BDNF ( - I - )  mice (Figure 3B), 
and a reduced number of vestibulocerebel lar afferents 
was detected (data not shown). In addition to the vestibular 
nuclei and cerebellum, fibers were seen terminating in the 
nucleus of the solitary tract of both control and BDNF ( - I - )  
mice, which likely represent a nonspecific crossing of the 
Figure 2. Afferent and Efferent Innervation of the Saccular and Utricu- 
lar Sensory Epithelia in Control and BDNF(-I-) Mice during Develop- 
ment 
(A, C, E, and G) control mice; (B, D, F, and H) BDNF (-I-) mice. 
(A-D) p75NGFR-immunoreactive afferents erve fibers in the vestibu- 
lar sensory epithelia. Sections from E13 embryos (A and B) and P0 
mice (C and D) were cut and stained for p75NGFR immunoreactivity. 
Note stained nerve fibers (small arrows) in both control and BDNF 
(-/-) E13 utricular sensory epithelia (SE). The sensory epithelia are 
outlined by dashed lines and the utricular duct by asterisks. At E16 
and P0, numerous nerve fibers and nerve chalices (large arrows) were 
present in the sensory epithelium (curved arrows) of control mice (C; 
P0). At E16 and P0, nerve fibers also were seen in the connective tissue 
of BDNF (-I-) mice (D; P0, straight arrow), but not in the epithelium (D; 
curved arrow). 
(E-H) NF 150 kDa-immunoreactive n rve fibers of the saccular macula 
of BDNF (-I-) and control mice. (E and F) P6; (G and H) P24. Note 
the reduction of stained efferents in the sensory epithelium (curved 
arrows) between P6 (F) and P24 (H) in the BDNF (-I-) mice. 
++, control mice; - - ,  BDNF (-I-) mice; n, nerves in the connective 
tissue; SE, sensory eptihelium of the utricle. All images are at same 
magnification. Bars, 20 ~m. 
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Figure 3. DilTracingofCentralVestibularand 
Cochlear Afferents in BDNF (-/-), NT-3 (-/-), 
and Control Mice 
(A-C) Tracing of central vestibular afferents. 
Dil was applied to the eighth cranial nerve to 
trace the vestibular afferents of P6 control (A), 
BDNF (-I-) (B), and NT-3 (-I-) (C) mice, and 
coronal vibratome sections were cut at the l vel 
of the vestibular nuclei. Note the near complete 
absence of vestibular afferents terminating in
the vestibular nuclei (Ve) of the BDNF (-I-) 
mouse (B), but apparent normal complement 
in the NT-3 (-I-) mouse (C). Curved arrows in 
(A) and (C) indicate vestibulocerebellar affer- 
ents. Arrow indicates the nucleus of the solitary 
tract. 
(D-F) Tracing of central cochlear afferents. Dil 
was applied to the eighth cranial nerve of con- 
trol (D) and P6 NT-3 (-I-) mice (E and F), and 
coronal sections were cut at the level of the 
cochlear nuclei. Note paucity of nerve fibers in 
the dorsal cochlear nucleus (DC) of NT-3 (-I-) 
mice (E and F; [F] is higher magnification of 
part of [E]), as corn pared with control (D). Arrow 
in (E) indicates a few remaining afferents in the 
NT-3 (-I-) mouse. 
++, control mice; - - ,  BDNF (-I-) mice; 4V, 
fourth ventricle; 8n, eighth cranial nerve; DC, 
dorsal cochlear nucleus; Ve, vestibular nuclei. 
dye to central trigeminal or facial afferents terminating in 
this nucleus (Paxinos, 1985). The results in Figures 3A 
and 3B show that the lack of BDNF leads to a paucity of 
central vestibular afferents. 
Vestibular Efferent Innervation 
In addition to afferent innervation, vestibular sense organs 
receive efferent innervation. Efferents penetrate the ves- 
tibular sensory epithelium close to the embryonic period of 
afferent innervation (Fritzsch and Nichols, 1993). Efferent 
hair cell contacts are established neonatally but continue 
to mature up to 3 weeks after birth (Emmerling et al., 1990; 
Shnerson et al., 1981; Sobkowicz and Emmerling, 1989). 
An anti-neurofilament (NF) 150 kDa antisera and an anti- 
acetylcholine esterase (ACh E) antibody were used for de- 
tection of efferents. Whereas NF 150 kDa is associated 
with most or all afferents and efferents, only some effer- 
ents have been described as containing AChE (McLamb 
and Park, 1992; Sobkowicz and Emmerling, 1989). 
Control mice displayed strongly reactive NF 150 kDa- 
positive fibers innervating the hair cells of the saccular 
and utricular epithelia at P0, P6 (see Figure 2E), and P24 
(see Figure 2G). Similar to control mice, a large number 
of NF 150 kDa-positive fibers were detected at P0 and P6 
(see Figure 2F) in the BDNF ( - I - )  mice. However, at P24, 
only a few NF 150 kDa-positive fibers were detected in 
the sensory epithelia of the saccular (see Figure 2H) and 
utricular maculae. The loss of efferents was also evident 
using AChE immunohistochemistry. In P24 control mice, 
AChE immunoreactivity was detected along the basal lam- 
ina and underneath some of the hair cells. In the BDNF 
( - / - )  mice, AChE-immunoreactive material was corn- 
pletely absent in the vestibular sensory epithelia (data not 
shown). 
Because afferents in the vestibular sensory epithelia of 
BDNF ( - I - )  mice are completely lost between E13 and 
E16, only efferents are assumed to be detected with the 
NF 150 kDa antisera in the postnatal BDNF ( - I - )  mice. 
Thus, the above results indicate that efferents innervate 
hair cells in the vestibular sensory epithelia of BDNF ( - I - )  
mice, similar to control, but are lost between P6 and P24. 
Ultrastructural Characterization of 
Vestibular Innervation 
Ultrastructural analysis was used to confirm the absence 
of afferent and paucity of efferent innervation of the macula 
utriculus in BDNF ( - I - )  mice. Toluidine blue-stained semi- 
thin sections of utricles from P24 control mice revealed 
axonal bundles (Figure 4A, small arrows) and the presence 
of nerves projecting through the connective tissue that 
underlies the macula (Figure 4A, curved arrows). The hair 
cells of the control mice were enveloped by afferent nerve 
chalices, characterized by the light staining of this material 
(Figure 4A, large arrows). Hair cells of the BDNF ( - I - )  
utricular epithelium were completely devoid of afferents 
contacting their soma (Figure 4B), and nerve fibers were 
absent in the sensory epithelium, but a few small-caliber 
axons were present in the connective tissue that underlies 
the utricular macula (Figure 4B, small arrows). Control 
and BDNF ( - I - )  maculae utriculus were also studied by 
electron microscopy. Afferents in the control maculae 
were characterized by electron translucent nerve chalices 
enveloping the type 1 hair cells (Figure 4C, Ch). The chal- 
ices received efferent synapses on their outer membrane 
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Figure 4. Semithin and Thin Plastic Sections 
of Maculae of Sensory Epithelia from Utricles 
of P24 Control and BDNF (-/-) Mice 
(A and C) control mice; (B and D) BDNF (-I-) 
mice. 
(A and B) Toluidine blue-stained semithin sec- 
tions. 
(A) The predominant sensory cell type of this 
sensory receptor in control mice was the type 
1 hair cell characterized by its envelopment by 
the afferent nerve chalice (large arrows). Many 
myelinated afferent erve fibers were present 
below the basement membrane (curved 
arrows) and the vascular bed (small arrows) 
of this utricle and were seen penetrating the 
basement membrane. 
(B) Few of the sensory cells present in the 
BDNF (-I-) utricle had a type l-like soma, with 
the predominant hair cell type being more 
closely related to the soma of a type 2 hair cell. 
The hair cells of the BDNF (-I-) macula utricu- 
lus possessed no nerve chalices. No myelin- 
ated or unmyelinated nerve fibers were seen 
in relationship to the basement membrane, but 
a few nerve fibers were seen directly below the 
vascular bed of the BDNF (-I-) utricle (small 
arrow). Many of the supporting cells stained 
lightly and appeared almost translucent in the 
BDNF (-I-) mice. 
(C and D) Ultrastructure of the sensory epithe- 
lium of macula. Note type 2 (2) and neck of type 
1 (1) hair cells in control (C). Note numerous 
efferent endings on the type 2 hair cell (arrows) and the electrontranslucent nerve chalice (Ch) surrounding the type 1 hair cell. The vestibular 
hair cells present in the BDNF (-/-) utricles were predominantly of a type 2-like character (2) but without any neuronal contacts (D). 
++, control mice; - - ,  BDNF (-/-) mic~=; 1, type 1 hair cell; 2, type 2 hair cell; Ch, nerve chalice. Bars, 25 #m (A and B); 0.6 ~m (C and D). 
(Figure 4C, arrows). BDNF (- I - )  mice displayed a com- 
plete absence of afferents and ~ paucity of efferents (Fig- 
ure 4D). The remaining few efferents contacted some of 
the hair cells of type 2 characteristics (data not shown). 
Thus, these results show that ultrastructural elements 
characteristic of afferents are absent in the BDNF (- I - )  
mice and that there is a paucity of efferent innervation, 
with few remaining efferent endings contacting the somas 
of type 2- l ike hair cells. 
Mutant Vestibular Hair Cell Morphology 
Preceded at earl ier developmental  stages (e.g., E14-15) 
by an immature hair cell precursor, two morphological ly 
distinct types of hair cells have been described for mature 
vestibular sensory receptors of mammals:  the type 1 hair 
cell (pear-shaped soma enveloped by a chalice-like affer- 
ent nerve ending with efferent terminals contacting only 
the nerve chalice), and the type 2 hair cell (cylindrical soma 
with numerous small bouton-l ike nerve ndings of both 
afferent and efferent character contacting its base). Analy- 
sis of utricular epithelium of P24 control mice revealed the 
presence of both of these hair cell types, with the type 1 
hair cells being the most numerous type present in the 
sensory macula (Figures 4A and 4C). In comparison, the 
utricular sensory epithelium of the P24 BDNF (- I - )  mice 
contained many vestibular hair cells that could not be 
clearly classified as either type 1 or type 2, but were closer 
in general appearance to the type 2 vestibular hair cell 
soma. These hair cells appeared immature, with a type 
2- l ike morphology, and lacked both afferent and efferent 
nerve contacts (Figure 4D). Counts on the number of type 
1 and type 2 hair cells in semithin sections prepared from 
the center of each utricle revealed no difference in the 
total number of vestibular hair cells present in BDNF mu- 
tant mice, as compared with controls. However, these re- 
sults quantitatively confirmed a clear change in the pre- 
dominant morphology from type 1 to type 2- l ike hair cells 
in BDNF mutant mice. Thus, most vestibular macula hair 
cells of BDNF (- I - )  mice appear immature and lack affer- 
ent and efferent innervation. 
Cochlear Afferent and Efferent Innervation 
The polyclonal antisera 9651 and 9993 against p75NGFR 
were used for immunocytochemical  detection of cochlear 
afferent innervation. The 9651 and 9993 antisera stained 
only spiral ganglion neurons and afferents, with no immu- 
noreactive material in the intraganglionic spiral bundle. 
The 9651 and 9993 antisera may therefore be staining 
predominantly afferents in the cochlea. The same staining 
pattern was obtained with these two antisera, and immuno- 
staining of neural elements using the 9651 antisera is dis- 
played in the figures. 
In control mice, most or all spiral ganglion neurons 
stained for p75NGFR from E16 to P24 (Figure 5A). A few 
p75NGFR-posit ive afferents had penetrated the cochlear 
epithelium in E16 BDNF(-I-)  mice, similar to the immuno- 
staining pattern for control cochlear tissue (data not 
shown). In P0 and P24 control mice, immunoreact ive ma- 
terial was detected close to the outer hair cells (Figure 
5A, small arrows). In P0 and P24 BDNF (- I - )  mice, no 
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Figure 5. Selective Loss of Type 2 Spiral Ganglion Neurons and Afferent Innervation of Outer Hair Cells inBDNF (-/-) Mice 
p75NGFR immunoreactivity in the cochlea of P24 control (A) and BDNF (-I-) (B) mice. Note immunoreactive material at the base of outer hair 
cells in the control (small arrows in [A]). Immunoreactivity at the level of outer hair cells (small arrows in [B]) is absent in the BDNF (-/-) mice. 
The arrows denote the intraganglionic spiral bundle. Nonspecific staining of the tectorial membrane (TM) was detected in both control and BDNF 
(-/-) mice. The percentage of type 1 and type 2 neurons in the spiral ganglion was plotted in control and BDNF (-I-) mice (C). Whereas the spiral 
ganglion of control mice contained approximately 5% of type 2 neurons, these were almost completely absent in the BDNF (-I-) mice. 
++, control mice; -- ,  BDNF (-I-) mice; n, nerves projecting through the spiral imbus to the hair cells; SG, spiral ganglion; SL, spiral imbus; TM, 
tectorial membrane. Bar, 20 I~m. Both panels are displayed at the same magnification. 
p75NGFR immunoreactivity was present at the level of 
the outer hair cells (Figure 5B, small arrows). To obtain 
additional evidence for a deficiency of afferent innervation 
in outer hair cells in BDNF ( - I - )  mice, the number of type 
1 and type 2 spiral ganglion neurons was determined in 
semithin plastic sections of P24 control and BDNF (- I - )  
mice. Type 1 neurons have been shown to innervate inner 
hair cells, and type 2, only outer hair cells (Berglund and 
Ryugo, 1987). The results in Figure 5C demonstrate that 
lack of BNDF resulted in an almost total loss of type 2 
neurons but did not affect the number of type 1 neurons. 
Our results show that BDNF is crucial for outer hair cell 
innervation but appears not to affect significantly inner 
hair cell innervation. The absence of afferents at the level 
of the outer hair cells already at PO suggests a failure of 
outer hair cell innervation in BDNF ( - I - )  mice. Both P24 
control and BDNF ( - I - )  mice displayed NF 150 kDa and 
AChE-positive fibers in approximation to both inner and 
outer hair cells (data not shown). These findings show that 
postnatal BDNF ( - I - )  mice lack afferent, but not efferent, 
innervation of the outer hair cells. 
NT.3 Mutant Mice 
Vestibular and Spiral Ganglion Neurons 
At P10-15, NT-3 ( - / - )  mice displayed a 34% decrease in 
the number of vestibular ganglion neurons as compared 
with control specimens (Table 1). The lack of NT-3 also 
affected the survival of spiral ganglion neurons. NT-3 ( - / - )  
mice showed an 87% loss of spiral ganglion neurons in 
the cochlea as compared with control mice (Table 1). 
Vestibular Afferent and Efferent Innervation 
Despite the loss of 34% of the vestibular ganglion neurons 
in the NT-3 ( - / - )  mice, no overt deficiencies could be de- 
tected in peripheral afferent innervation of the maculae of 
the saccule, utricule, or the cristae of the semicircular 
ducts at P6, as revealed by p75NGFR immunohistochem- 
istry. Central vestibular afferents were traced with Dil in 
NT-3 ( - I - )  mice. Vestibular afferents of P6 NT-3 ( - / - )  mice 
were detected in the vestibular nuclei (Figure 3C), similar 
to controls (see Figure 3A). No obvious deficiencies were 
detected in NF 150 kDa-positive fibers of the vestibular 
sensory epithelium (data not shown). Thus, a subpopula- 
tion of vestibular neurons is lost in the NT-3 ( - / - )  mice; 
however, this loss did not lead to any detectable deficien- 
cies of innervation in central and peripheral targets. 
Cochlear Afferent and Efferent Innervation 
The loss of most spiral ganglion neurons in NT-3 ( - I - )  
mice suggested a deficiency also of cochlear afferents. 
The central processes of spiral ganglion neurons termi- 
nate in the cochlear nuclei of the brain stem. Similar to 
the tracing of BDNF ( - / - )  mice, Dil was applied to the 
eighth cranial nerve attached to the brain stem of P6 con- 
trol and NT-3 ( - I - )  mice. Vibratome sections prepared at 
the level of the cochlear nuclei of control mice revealed 
a dense network of afferents terminating in areas corre- 
sponding to the cochlear nuclei (see Figure 3D). In contrast 
to control mice, NT-3 ( - / - )  mice displayed an almost com- 
plete absence of cochlear afferents, and only occasionally 
were a few fibers identified (see Figure 3E, arrow; Figure 
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cochlear efferents 
Figure 6. Schematic Representation of Vestibular and Auditory Deficits in Postnatal BDNF and NT-3 Mutant Mice 
Where stated, a deficit was suggested by indirect evidence. The structures are not drawn proportionally. 
(A) Vestibular deficits. Red represents the vestibular ganglion neurons, central afferents terminating in the vestibular nuclei (Ve) and peripheral 
afferents terminating in the maculae of the utricule and saccule containing hair cells (grey). Efferents are represented by blue. BDNF (-I-) mice 
displayed a loss of approximately 80% of the vestibular ganglion neurons and a complete loss of afferent innervation of the vestibular sensory 
epithelia. Some afferents were detected in the connective tissue adjacent to the utricular and saccular sensory epithelia. BDNF (-I-) mice also 
showed a near complete absence of central afferents terminating in the vestibular nuclei. Most efferents in all vestibular epithelia were absent in 
the BDNF (-I-) mice. Vestibular hair cells of BDNF (-I-) mice appeared immature. NT-3 (-I-) mice showed a 340/0 loss of vestibular ganglion 
neurons, but no visible loss of central and peripheral afferents and peripheral efferents as detected using immunohistochemistry and Dil tracing. 
(B) Auditory deficits. Green represents the type 1 spiral ganglion neurons and their afferents, red the type 2 spiral ganglion neurons and their 
afferents. Type 1 afferents innervate the inner hair cells (IHC) and type 2 afferents the three rows of outer hair cells (OHC). Both type 1 and type 
2 central afferents terminate in the cochlear nuclei (CN). BDNF (-I-) mice displayed a loss of 70/0 of the spiral ganglion neurons and innervation 
of OHC was absent (red), but the innervation of the IHC (green) appeared normal. An absence of OHC innervation correlated to a loss in the spiral 
ganglion of the type 2 neurons, which innervate the OHC cells. Efferent innervation of IHC and OHC appeared not to be compromised. NT-3 
(-/-) mice displayed an 87°/0 loss of spiral ganglion neurons and had a near complete loss of central afferants in the cochlear nuclei. Deficits of 
peripheral afferent innervation were suggested by the lack of central afferents and a loss of only type 1 spiral ganglion neurons in the NT-3 (-I-) 
mice was suggested by a complete absence of spiral ganglion neurons in the cochlea of the double mutant mice, which shows that BDNF and 
NT-3 act on distinct populations of spiral ganglion neurons. Efferent cochlear innervation appeared not to be compromised in NT-3 (-I-) mice. 
Note that this table does not describe the developmental events leading to these deficits, some of which are described in Results. 
4V, fourth ventricle; CN, cochlear nuclei; Ve, vestibular nuclei; IHC, inner hair cells; OHC, outer hair cells. 
3F). Peripheral efferent cochlear innervation of NT-3 ( - I - )  
mice appeared normal, displaying NF 150 kDa-positive 
nerve fibers and AChE-positive material in approximation 
to both inner and outer hair cells of the cochlea, similar 
to control (data not shown). These results show that most 
spiral ganglion afferents are lost in the NT-3 ( - I - )  mice, but 
AChE-positive efferents appear not to be compromised. 
BDNF and NT.3 Double Mutant Mice 
The observation that the deficiency in BDNF ( - / - )  mice 
primarily reflected a loss of vestibular ganglion neurons, 
and the deficiency in NT-3 mice, primarily a loss of spiral 
ganglion neurons suggested a nonoverlapping role for 
neurotrophins in vestibular and auditory development. To 
confirm this, mice deficient in both BDNF and NT-3 were 
generated. BDNF(+I-)  and NT-3 (+1-) mice were crossed, 
and double heterozygous mice were generated at an ex- 
pected frequency of approximately 25%. These mice were 
crossed and embryos were collected at E18. Homozygous 
double mutant mice were found at an expected frequency 
of 1/16, indicating that the lack of both BDNF and NT-3 
did not compromise the survival of these embryos to late 
stages of gestation. In contrast to the single neurotrophin 
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Table 2. Summary of Innervation Deficiencies in the Postnatal 
Vestibular and Auditory Systems of BDNF and NT-3 Mutant Mice 
BDNF NT-3 
Control ( - / - ) ( - / - ) 
Vestibule 
Vestibular ganglion eurons +++ + ++ 
Saccule + utricle 
Afferents +++ - +++ 
Efferents +++ + +++a 
Crista 
Afferents +++ - +++ 
Efferents +++ + +++a 
Central vestibular afferents +++ + +++ 
Cochlea 
Spiral ganglion eurons +++ ++ + 
IHC 
Afferents +++ +++ ND 
Efferents +++ +++ +++ 
OHC 
Afferents +++ ND 
Efferents +++ +++ +++ 
Central cochlear afferents +++ +++ + 
+++, normal complement; ++, reduced; +, severely reduced; -, none 
detected; ND, not determined. Note that this table does not describe 
the developmental events leading to these deficits, some of which are 
described in the Results ection. IHC, inner hair cells; OHC, outer hair 
cells. 
" Based only on NF 150 kDa immunohistochemistry. 
homozygous mutant mice, the homozygous double mu- 
tant mouse embryos displayed an almost complete loss 
of vestibular as well as spiral ganglion neurons (99% and 
100% loss, respectively; Table 1). These results show that 
virtually all vestibular and spiral ganglion neurons require 
either BDNF or NT-3 for their survival. They also indicate 
that distinct populations of neurons within the vestibular 
and spiral ganglion require either BDNF or NT-3, confirm- 
ing the phenotypic analyses of the single mutant mice. 
Discussion 
Our results are consistent with the notion that BDNF and 
NT-3 play crucial and specific roles in development of the 
vestibular and auditory systems (schematically depicted 
in Figure 6 and Table 2). The deficiency in the BDNF (- I -)  
mice is reflected in the loss of vestibular ganglion neurons, 
central and peripheral afferents, peripheral efferents, and 
hair cell differentiation. Also, the partial loss of neurons 
in heterozygous BDNF mutant mice suggests that the fac- 
tor is limiting in vivo, similar to NT-3 for the proprioceptive 
system (Ernfors at al., 1994b). Whereas the vestibular gan- 
glion neurons and vestibular afferents were affected em- 
bryonically, efferent innervation declined postnatally in 
BDNF (- I -)  mice. The deficits of NT-3 (- I -)  mice reflected 
a loss of a subpopulation of vestibular ganglion neurons. 
Both BDNF and NT-3 influenced survival of spiral ganglion 
neurons and affected cochlear innervation. Lack of BDNF 
led to the loss of only a few spiral ganglion neurons and 
an absence of outer hair cell innervation, whereas NT-3 
( - / - )  mice displayed a loss of most spiral ganglion neurons 
and afferents. Neurons of both vestibular and spiral gan- 
glion were almost completely absent in double mutant 
mice deficient for BDNF and NT-3. Both BDNF and NT-3 
are expressed by hair cells of the inner ear, and the BDNF 
and NT-3 receptor mRNAs (trkB and trkC) are expressed 
in vestibular and spiral ganglion neurons (Ernfors et al., 
1992; Pirvola et al., 1992; Ylikoski et al., 1993). Further- 
more, BDNF and NT-3 support the survival and neurite 
outgrowth from embryonic vestibular ganglion neurons 
(Avila et al., 1993; Davies et al., 1986; Pirvola et al., 1992; 
Vazquez et al., 1994). Together with our results, it there- 
fore appears likely that BDNF and NT-3 represent he ma- 
jor, physiologically important neurotrophic factors re- 
quired for normal development of the vestibular and 
auditory systems of the inner ear. Furthermore, compari- 
son of BDNF and NT-3 single mutant mice with double 
mutant mice suggests that these neurotrophins have dis- 
tinct complementary and nonoverlapping roles in vestibu- 
lar and cochlear development; i.e., one neurotrophin can- 
not functionally replace the other. 
Crucial Role of BDNF for Survival of Vestibular 
Neurons and Maintenance of Afferent and 
Efferent Vestibular InnervaUon 
At concentrations uggestive of a high affinity receptor 
interaction, BDNF and NT-3 have the ability to induce vol- 
ume increases of explanted chick vestibuloacoustic gan- 
glia in culture and have thus been implicated in promoting 
proliferation of these neurons (Represa et al., 1993). Ves- 
tibular ganglion neurons are born between El0 and E12 
in the mouse, with a peak in proliferation at E11 (Ruben, 
1967). The attainment of a neuronal population equivalent 
to that of controls at E13 and the loss of vestibular ganglion 
neurons in the BDNF ( - / - )  mice between E13 and E16 
suggests that BDNF is required for the survival of neurons 
after terminal mitosis, rather than as a stimulus for the 
proliferation of neuroblasts to form this ganglion. Pioneer- 
ing afferent nerve fibers penetrate the vestibular sensory 
epithelia t E12, and a significant increase in nerve fibers 
has occurred by E16. Thus, the loss of vestibular ganglion 
neurons in the BDNF(-/-) mice occurs during the develop- 
mental period of target innervation. This is consistent with 
the classical neurotrophic factor hypothesis that target- 
derived neurotrophic factors regulate the survival of neu- 
rons at the time of programmed cell death. 
Afferents penetrate the vestibular sensory epithelia of 
control mice at E13, and hair cell-nerve contact was sug- 
gested at E16 by the presence of immunoreactive material 
at the base of the hair cells forming nerve chalices. This 
corresponds well with the previous reported period of fiber 
ingrowth (Galinovic-Schwartz et al., 1991) and the ultra- 
structural detection of afferent nerve endings contacting 
hair cells (Anniko et al., 1979a; Mbiene et al., 1988; Van 
De Water et al., 1978). Local chemoattractant fields have 
been proposed for the establishment of inner ear sensory 
innervation (Van De Water et al., 1989; Van De Water and 
Ruben, 1983). The presence of nerve fibers in the BDNF 
( - / - )  utricular sensory epithelia t E 13 suggests that target 
tissue recognition and ingrowth of nerve fibers occur inde- 
pendently of BDNF. 
Only a subpopulation of vestibular neurons was absent 
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in the NT-3 ( - / - )  mice. Peripheral and central afferent ves- 
tibular innervation in these mice appeared qualitatively 
normal, it is possible that the remaining vestibular neurons 
compensate for the loss by sprouting, leading to a normal 
complement of nerve fibers in the targets. However, we 
cannot exclude the possibility that these mice have a quan- 
titative deficiency of nerve fibers corresponding to the loss 
of vestibular neurons. 
BDNF may be required either directly or indirectly for 
vestibular efferent innervation. The efferents invade the 
sensory epithelia embryonically (Fritzsch and Nichols, 
1993) but continue to mature biochemically and morpho- 
logically for several weeks after birth (Emmeriing et al., 
1990; Shnerson et al., 1981; Sobkowicz and Emmerling, 
1989). BDNF m R NA is expressed throughout development 
and in the mature hair cells of the vestibular sensory epi- 
thelia (Ylikoski et al., 1993). Thus, it is possible that BDNF 
is acting directly on the efferent innervation and perhaps 
as a survival factor for the vestibular efferent neurons. 
Because.the efferent endings form synaptic contact with 
afferent nerve chalices of the type 1 hair cells (Ohno et al., 
1993a, 1993b), it is also possible that the loss of efferents is 
indirect, caused by the absence ef afferents in the BDNF 
( - / - )  mice. The finding of few efferent contacts in BDNF 
( - / - )  utricles terminating directly on the hair cell soma 
(i.e., on the type 2-like hair cel~s), but no efferents on 
any type l - l ike hair cells, which would normally receive 
efferent endings on their afferent nerve chalices, suggests 
that the loss of efferents is indirect and caused by a lack 
of afferents in the BDNF ( - / - )  mice. 
Role of BDNF for Inner Hair Cell InnervaUon and 
NT-3 for Outer Hair Cell Innervation 
in the Cochlea 
Our results strongly suggest that BDNF and NT-3 also 
exert different functions in the cochlea. Whereas lack of 
NT-3 eliminated most spiral gangl on neurons (87%), only 
approximately 7% were absent in BDNF ( - / - )  mice. 
Mouse spiral ganglion neurons consist of two distinct pop- 
ulations of neurons, the type 1 afferent cell (92%-94% 
of the neuronal population), which are myelinated, have 
numerous cytoplasmic organelles, and a more lightly col- 
ored nucleus with a prominent nucleolus, and the type 2 
afferent cell (approximately 6%-8% of the neurons), which 
are unmyelinated, have few cytoplasmic organelles, and 
an irregular nucleus including a small nucleolus (Romand 
and Romand, 1987). The myelinat~=d type 1 neurons have 
been shown to innervate exclusively inner hair cells, and 
the unmyelinated type 2 neurons, only outer hair cells in 
the mouse (Berglund and Ryugo, 1987). A loss of 7% of 
the spiral ganglion neurons in BDNF ( - / - )  mice and loss 
of the morphological population of type 2 spiral ganglion 
neurons in these mice suggest that BDNF acts exclusively 
as a survival factor for type 2 spiral ganglion neurons. This 
is also consistent with the absence of afferent outer hair 
cell innervation in the BDNF(-/ -)  mice, which is achieved 
by the 6%-8% type 2 neurons in the spiral ganglion. The 
observation that all spiral ganglion neurons are lost in the 
double mutant mice is entirely consistent with the notion 
that BDNF and NT-3 act on distinct neuronal populations 
within the spiral ganglion. It therefore appears likely that 
BDNF is a survival factor for the type 2 spiral ganglion 
neurons affecting outer hair cell innervation and NT-3 for 
the type 1 neurons of this ganglion affecting the innerva- 
tion of the inner hair cells. 
IS BDNF Required for Vestibular Hair 
Cell Maturation? 
Little is known of the signals that participate in inner ear 
hair cell differentiation. Most hair cells of the vestibular 
sensory epithelia ppeared immature and un/dedifferenti- 
ated in P24 BDNF(-I-)  mice. Because vestibular hair cells 
differentiate close to birth in the mouse (Anniko et al., 
1979a, 1979b; Mbiene and Sans, 1986; Mbiene et al., 
1988; Van De Water et al., 1978), these findings are con- 
sistent with either a direct or indirect effect of BDNF on 
hair cell maturation or maintenance of the differentiated 
state. A direct effect could be mediated by an autocrine 
loop, because BDNF is expressed in the embryonic and 
postnatal sensory epithelia (Ernfors et al., 1992; Pirvola 
et al., 1992; Ylikoski et al., 1993). However, in this case, 
BDNF would have to act through a noncatalytic form of the 
trkB receptor, which appears to be the only trkB receptor 
expressed in the vestibular sensory epithelia (Ylikoski et 
al., 1993). The vestibular sensory epithelia of BDNF (- I - )  
mice lacked innervation, and it is possible that the deficient 
hair cell differentiation is indirect, caused by the loss of 
afferent and/or efferent innervation. Embryonic matura- 
tion of deafferented hair cells in culture, after in vivo de- 
struction of the afferent innervation, occurs normally, sug- 
gesting that short-term loss of afferents do not influence 
differentiation (Anniko et al., 1979a; Hirokawa, 1977; Van 
De Water, 1976). However, prolonged enervation of ves- 
tibular hair cells may lead to a dedifferentiation of hair 
cells (Favre and Sans, 1991). it is therefore possible that 
the immature appearance of the hair cells in the P24 BDNF 
( - / - )  mice is caused by the loss of innervation instead of 
a direct action of BDNF on hair cell differentiation. 
Hair cells of the mammalian sensory epithelia in the 
inner ear cease proliferation close to birth, followed by 
maturation (Anniko et al., 1979a, 1979b; Hirokawa, 1977; 
Ruben, 1967; Sans and Chat, 1982; Van De Water et al., 
1978). However, trauma in the inner ear caused by amino- 
glycoside antibiotic-induced ototoxicity induces prolifera- 
tion in the adult mammalian sensory epithelia and the re- 
appearance of immature hair cells (Forge et al., 1993; 
Lefebvre et al., 1993; Warchol et al., 1993). The failure of 
regenerated hair cells to mature and their poor reinner- 
vation (Forge et al., 1993) would be consistent with the 
permanent condition of hearing impairment or balance 
dysfunction in affected humans. Perhaps exogenously ad- 
ministered BDNF and/or NT-3 could enhance hair cell in- 
nervation and 
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mutant mice were generated by crossing mice heterozygous for both 
BDNF and NT-3. 
Tissue Processing 
For immunohistochemistry on postnatal tissues, mice were anesthe- 
tized and perfused through the heart with 4o/0 paraformaldehyde (PFA) 
and the tissues postfixed at 4°C for 2 hr. For immunocytochemistry 
on embryonic and neonatal tissues, the heads were cut and immersion 
fixed in 4% PFA overnight. All tissues were cryoprotected in 30% 
sucrose (in phosphate-buffered saline [pH 7.4]) after the fixation and 
frozen at -70°C. For immunohistochemistry on embryonic and P0, 
P4, and P6 mice, transversal frozen sections (10 pro) of the head were 
cut at the level of the inner ear. For mice older than 1 week, inner 
ears were dissected and decalcified prior to embedding for frozen 
sections. Two or three mice from each age and genotype were ana- 
lyzed. The slides were incubated in dilution buffer (0.5 M NaCI, 0.01 M 
phosphate buffer [pH 7.3], 3% bovine serum albumin, and 0.3% Triton 
X-100) for 1 hr, followed by overnight incubation with the indicated 
concentration of antisera in dilution buffer. After four washes in phos- 
phate-buffered saline, sections were incubated for 2 hr with the appro- 
priate rhodamine-conjugated secondary antiserum, washed three 
times for 10 min, and covered with glycerol/phosphate-buffered saline 
(9:1) for viewing. The rabbit 9651 and 9993 antisera were diluted at 
1:200; the rabbit anti-NF 150 kDa, 1:500; the mouse monoclonal anti- 
ACHE, 1:200; the rabbit anti-synaptophysin, 1:50. Rhodamine-con- 
jugated goat anti-mouse and goat anti-rabbit antisera (diluted 
1:200) were used as secondary antisera. In addition to the above anti- 
bodies, an anti-phosphorylated N F 200 kDa antibody (RT 97) was used. 
This antibody was found unreliable for the detection of efferents be- 
cause no staining was found in the sensory epithelia of neonatal control 
and BDNF ( - / - )  mice or older BDNF ( - / - )  mice despite the presence 
of efferents as revealed by NF 150 kDa immunoreactivity, bouton-like 
synaptophysin-positive endings on type 1 hair cells, and the ultrastruc- 
tural identification of efferents. 
For neuronal counts of postnatal vestibular ganglia, these were dis- 
sected from perfused mice, postfixed for 2 hr in 40/o PFA, equilibrated 
in sucrose, frozen on dry ice, and sectioned at 7 i~m thickness on a 
cryostat. The sections were stained with cresyl violet, and the number 
of neurons in every third section was counted. For neuronal counts 
of postnatal spiral ganglia, the inner ears were dissected, decalcified, 
paraffin embedded, and 5 p.m sections were cut and stained with cresyl 
violet. Neurons of every fourth section were counted. For counts of 
embryonic and neonatal vestibular and spiral ganglia, heads were 
immersion fixed in 4% PFA overnight, paraffin embedded, and 5 p.m 
sections were cut and stained with cresyl violet. Every fourth section 
was counted. Only the neurons with a clear nucleus and nucleoli were 
counted, and the counts were not corrected for split nucleoli. 
Specificity of the p75NGFR Antisera 
The specificity of the 9651 and 9993 antisera has been established. 
These antisera detect only a single product on Western blots, corre- 
sponding to the p75NGFR protein (M Chao, personal communication). 
In addition, similar staining patterns were obtained with the two differ- 
ent antisera against p75NGFR. Structures rich in glycoproteins, such 
as the tectorial membrane and the otolithic membran e, have previously 
been shown to absorb antibodies nonspecifically (Despres et al., 
1991). The staining of this material was therefore considered to be 
nonspecific. 
Semithin Sections and Electron Microscopy 
P24 BDNF (-I-)  (n = 3) and control mice (n = 3) were anesthetized 
and perfused through the heart with afixative containing 2.5% glutaral- 
dehyde and 20/0 PFA in 0.1 M cacodylate buffer. Vestibular endorgans 
and the apical and basal turn of the cochlea were dissected bilaterally 
and immersion fixed for an additional 2 hr, postfixed for 1 hr in 1% 
OsO4, and embedded in Eponate 12. Alternating semithin and thin 
sections were collected. The semithin (1 I~m sections) were stained 
with toluidine blue for light microscopic examination. Thin sections 
(0.1 p.m) were stained with uranyl acetate and lead citrate, carbon 
coated, and viewed with a Hitachi H-600 scanning transmission elec- 
tron microscope operating at 75 kV. 
The number of type 1 and type 2 spiral ganglion neurons were 
counted in the apical turn of P24 control and BDNF (-I-)  cochlea. A 
total of 1000 spiral ganglion neurons were sampled for each mouse. 
Dil Tracing 
P6 BDNF (- / -)  (n = 3), NT-3 (- I-)  (n = 5), and control mice (n = 6) 
were perfused with 4% PFA, and the heads, with the brain exposed, 
were postfixed overnight in 4% PFA. The brains were carefully lifted 
dorsally and caudally, holding the olfactory bulbs with a pair of forceps. 
The intact fifth and seventh cranial nerves were identified and cut to 
expose the eighth cranial nerve. Crystals of Dil (Molecular Probes) 
were applied unilaterally to the intact nerve, and the nerve was cut 
distal to the Dil using fine iris scissors. The brains were dissected 
and pinned down on Sylgard gel petri dishes with insect pins and 
submerged in 4% PFA. To reduce nonspecific diffusion of the dye, 
insect pins were used to prevent distal parts of the nerve stump from 
coming into direct contact with the brain. For the tracing of vestibular 
afferents, BDNF (-I-), NT-3 (-I-), and control brains were incubated 
at 50°C for 14 days. For tracing of cochlear afferents, NT-3 (- I-)  and 
control brains were incubated at 50°C for 6 days. The brains were 
rinsed several times in phosphate-buffered saline followed by embed- 
ding in 2% agar at 50°C. Cross-sections (70 I~m) of the brain stems 
were cut on a vibratome and viewed with a rhodamine filter on a Zeiss 
microscope. 
Acknowledgments 
We thank Moses Chao for the generous gift of the 9651 and 9993 
antisera. We appreciate technical assistance from Jessica Dausman, 
Ruth Curry, and Everett Swanson. This research was supported by 
Amgen Incorporated and by National Institutes of Health grants 5-R35- 
CA44339 to R. J. and DC00088 to T. R. V., and by grants from the 
Swedish Medical Research Council (B95-12XB-11283-01A), the Swed- 
ish Cancer Society (3474-B94-02XAB), and the Petrus and Augusta 
Hedlunds Stiftelse to P. E. 
The costs of publication of this article were defrayed in part by 
the payment of page charges. This article must therefore be hereby 
marked "advertisement" in accordance with 18 USC Section 1734 
solely to indicate this fact. 
Received October 28, 1994; revised March 1, 1995. 
References 
Anniko, M., Nordemar, H., and Van De Water, T. R. (1979a). Em- 
bryogenesis of the inner ear. I. Development and differentiation of the 
mammalian crista ampullaris in vivo and in vitro. Arch. Otorhinoiaryn- 
gol. 224, 285-299. 
Anniko, M., Nordemar, H., and Wersall, J. (1979b). Genesis and matu- 
ration of vestibular hair cells. Adv. Otorhinolaryngol. 25, 7-11. 
Ard, M. D., Morest, D. K., and Hauger, S. H. (1985). Trophic interac- 
tions between the cochleovestibular ganglion of the chick embryo and 
its synaptic targets in culture. Neuroscience 16, 151-170. 
Avila, M. A., Varela-Nieto, I., Romero, G., Mato, J. M., Giraldez, F., 
Van De Water, T. R., and Represa, J. (1993). Brain-derived neuro- 
trophic factor and neurotrophin-3 support survival and neuritogenesis 
response of developing cochleovestibular ganglion neurons. Dev. Biol. 
159, 266-275. 
Barde, Y.-A., Edgar, D., and Thoenen, H. (1982). Purification of a new 
neurotrophic factor from mammalian brain. EMBO J. 1,549-653. 
Berglund, A. M., and Ryugo, D. K. (1987). Hair cell innervation by 
spiral ganglion neurons in the mouse. J. Comp. Neurol. 255, 560-70. 
Berkemeier, L., Winslow, J., Kaplan, D., Nicolics, K., Goeddel, D., 
and Rosentai, A. (1991). Neurotropin-5: a novel neurotropic factor that 
activates trk and trkB. Neuron 7, 857-866. 
Bernd, P., and Represa, J. (1989). Characterization and localization 
of nerve growth factor receptors in the embryonic otic vesicle and 
cochleovestibular ganglion. Dev. Biol. 134, 11-20. 
Davies, A. M., Thoenen, H., and Barde, Y.-A. (1986). The response 
of chick sensory neurons to brain-derived neurotrophic factor. J. Neu- 
rosci. 6, 1897-1904. 
Despres, G., Hafidi, A., and Romand, R. (1991). Immunohistochemical 
Roles of BDNF and NT-3 in Inner Ear Development 
1163 
localization of nerve growth factor receptor in the cochlea and in the 
braistem of the perinatal rat. Hear. Res. 52, 157-166. 
Emmerling, M. R., Sobkowicz, H. M., Levenick, C. V., Scott, G. L., 
Slapnick, S. M., and Rose, J. E. (1990). Biochemical and morphological 
differentiation of acetylcholinesterase-positive efferent fibers in the 
mouse cochlea. J. Electron Microsc. Tech. 15, 123-143. 
Ernfors, P., Ibanez, C. F., Ebendal, T., Olson, L., and Persson, H. 
(1990). Molecular cloning and neurotrophic activities of a protein with 
structural similarities to nerve growth factor: developmental and topo- 
graphical expression in the brain. Proc. Natl. Acad. Sci. USA 87, 5454- 
5458. 
Ernfors, P., Merlio, J.-P., and Persson, H. (1992). Cells expressing 
mRNA for neurotrophins and their receptors dudng embryonic rat de- 
velopment. Eur. J. Neurosci. 4, 1140-1158. 
Ernfors, P., Lee, K. F., and Jaenisch, R. (1994a). Mice lacking brain- 
derived neurotrophic factor develop with sensory deficits. Nature 368, 
147-150. 
Ernfors, P., Lee, K.-F., Kucera, J., and Jaenisch, R. (1994b). Lack of 
neurotrophin-3 leads to deficiencies in the peripheral nervous system 
and loss of limb proprioceptive afferents. Cell 77, 503-512. 
Farinas, I., Jones, K. R., Backus, C., Wang, X. Y., and Reichardt, 
L. F. (1995). Severe sensory and sympathetic deficits in mice lacking 
neurotrophin-3. Nature 369, 658-661. 
Favre, D., and Sans, A. (1991). Dedifferentiation phenomena after 
denervation of mammalian adult vestib,Jlar receptors. Neuroreport 2, 
501-504. 
Forge, A., Li, L., Corwin, J. T., and Nevill, G. (1993). Ultrastructural 
evidence for hair cell regeneration in the mammalian inner ear. Sci- 
ence 259, 1616-1619. 
Fritzsch, B., and Nichols, D. H. (1993). Dil reveals a prenatal arrival 
of efferents at the differentiating otocyst of mice. Hear. Res. 65, 51- 
60. 
Galinovic-Schwartz, V., Peng, D., Chiu, F. C., and Van De Water, 
T. R. (1991). Temporal pattern of innervation in the developing mouse 
inner ear: an immunocytochemical study of a 66 kDa subunit of mam- 
malian neurofilaments. J Neurosci. Res. 30, 124-133. 
Hallb55k, F., Ayer. LeLievre, C., Ebendal, T., and Persson, H. (1990). 
Expression of nerve growth factor receptor mRNA during early devel- 
opment of the chicken embryo: emphasis on cranial ganglia. Develop- 
ment 108, 693-704. 
Hallb55k, F., Ib~.nez, C. F., and Persson, H. (1991). Evolutionary 
studies of the nerve growth factor family reveal a novel member abun- 
dantly expressed in Xenopus ovary. Neuron 6, 1-20. 
Hauger, S., Book, K., and Morest, D. (1989). Trophic support of the 
developing cochleovestibular ganglion by its peripheral target in vitro 
does not depend on neuronal cell division. Neuroscience 33, 241- 
251. 
Hemond, S. G., an d Morest, D. K. (1992). Trophic effects of otic epithe- 
lium on cochleo-vestibular ganglion fiber growth in vitro. Anat. Rec. 
232, 273-284. 
Hirokawa, N. (1977). Disappearance of afferent and efferent nerve 
terminals in the inner ear of the chick embryo after chronic treatment 
with beta-bungarotoxin. J. Cell Biol. 73, 27-46. 
Hohn, A., Leibrock, J., Bailey, K., and Barde, Y. A. (1990). Identification 
and characterization of a novel member of the nerve growth factor/ 
brain-derived neurotrophic factor family. Nature 344, 339-341. 
Huber, L. J., and Chao, M. V. (1994). Mesenchymal and neuronal cell 
expression of the p75 neurotrophin receptor gene occur by different 
mechanisms. Development, in press. 
Ip, N. Y., Ibanez, C. F., Nye, S. H., McClain, J., Jones, P. F., Gies, 
D. R., Belluscio, L., LeBeau, M. M., Esponosa, R., Aquinto, S. P., 
Persson, H., and Yancopolous, G. D. (1992). Mammalian neuro- 
trophin-4: structure, distribution and receptor specificity. Proc. Natl. 
Acad. Sci. USA 89, 3060-3064. 
Jones, K., and Fteichardt, L. (1990). Moiecular cloning of a human 
gene that is a member of the nerve growth factor family. Proc. Natl. 
Acad. Sci. USA 87, 8060-8064. 
Jones, K. R., Farinas, I., Backus, C., and Reichardt, L. F. (1994). 
Targeted disruption of the BDNF gene perturbs brain and sensory 
neuron development but not motor neuron development. Cell 76, 989- 
999. 
Kaisho, Y., Yoshimura, K., and Nakahama, K. (1990). Cloning and 
expression of a cDNA encoding a novel human neurotrophic factor. 
FEBS Lett. 266, 187-191. 
Laird, P. W,, Zilderveld, A., Linders, K., Rudnicki, M. A., Jaenisch, R., 
and Berns, A. (1991). Simplified mammalian DNA isolation procedure. 
Nucleic Acids Res. 19, 4293. 
Lefebvre, P. P., Malgrange, B., Staecker, H., Moonen, G., and Van 
De Water, T. R. (1993). Ftetinoic acid stimulates regeneration of mam- 
malian auditory hair cells. Science 260, 692-695. 
Lefebvre, P. P., Weber, T., Rigo, J. M., Staecker, H., Moonen, G., 
and Van De Water, T. Ft. (1992). Peripheral and central target-derived 
trophic factor(s) effects on auditory neurons. Hear. Res. 58, 185-92. 
Leibrock, J., Lottspeich, F., Hohn, A., Hofer, M., Hengerer, B., Masia- 
kowski, P., Thoenen, H., and Barde, Y. A. (1989). Molecular cloning 
and expression of brain-derived neurotrophic factor. Nature 341,149- 
152. 
Levi-Montalcini, R. (1987). The nerve growth factor: thirty-five years 
later. EMBO J. 6, 1145-1154. 
Maisonpierre, P. C., Belluscio, L., Squinto, S., Ip, N. Y., Furth, M. E., 
Lindsay, R. M., and Yancopolous, G. D. (1990). Neurotrophin-3: a
neurotrophic factor related to NGF and BDNF. Science 247, 1446- 
1451. 
Mbiene, J. P., Favre, D., and Sans, A. (1988). Early innervation and 
differentiation of h air cells in the vestibular epithelia of mouse embryos: 
SEM and TEM study. Anat. Embryol. 177, 331-340. 
Mbiene, J. P., and Sans, A. (1986). Differentiation and maturation of 
the sensory hair bundles in the fetal and postnatal vestibular eceptors 
of the mouse: a scanning electron microscopy study. J. Comp. Neurol. 
254, 271-278. 
McLamb, W. T, and Park, J. C. (1992). Cholinesterase activity in ves- 
tibular organs of young and old mice. Hear. Ftes. 58, 193-199. 
Ohno, K., Takeda, N., Kiyama, H., Kato, H., Fujita, S., Matsunaga, 
T., and Tohyama, M. (1993a). Synaptic contact between vestibular 
afferent nerve and cholinergic efferent erminal: its putative mediation 
by nicotinic receptors. Mol. Brain Res. 18, 343-346. 
Ohno, K., Takeda, N., Tanaka, T. M, and Matsunaga, T. (1993b). 
Calcitonin gene-related peptide in the efferent system of the inner ear: 
a review. Acta Otolaryngol. Suppl. (Stockh.) 501, 16-20. 
Paxinos, G. (1985). The Rat Nervous System, Volume 2, Hindbrain 
and Spinal Cord. (San Diego, California: Academic Press). 
Pirvola, U., Arumae, U., Moshnyakov, M., Palgi, J., Saarma, M., and 
Ylikoski, J. (1994). Coordinated expression and function of neurotroph- 
ins and their receptors in the rat inner ear during target innervation. 
Hear. Ftes. 75, 131-144. 
Pirvola, U., Ylikoski, J., Palgi, J., Lethonen, E., Arum~e, U., and 
Saarma, M. (1992). Brain-derived neurotrophic factor and neuro- 
trophin 3 mRNAs in the peripheral target fields of developing inner 
ear ganglia. Proc. Natl. Acad. Sci. USA 89, 9915-9919. 
Raivich, G., Zimmerman, A., and Sutter, A. (1987). Nerve growth factor 
(NGF) receptor expression in chicken cranial development. J Comp. 
Neurol. 256, 229-245. 
Represa, J., Avila, M. A., Romero, G., Mato, J. M., Giraldez, F., and 
Varela-Nieto, I. (1993). Brain-derived neurotrophic factor and neuro- 
trophin-3 induce cell proliferation in the cochleovestibular ganglion 
through a glycosyl-phophatidylinositol signaling system. Dev. Biol. 
159, 257-265. 
Romand, M. Ft., and Ftomand, Ft. (1987). The ultrastructure of spiral 
ganglion cells in the mouse. Acta Otolaryngol. (Stockh.) 104, 29-39. 
Rosenthal, A., Goeddel, D. V., Nguyen, T., Lewis, M., Shih, A., Lar- 
amee, G. R., Nikolics, K., and Winslow, J. W. (1990). Primary structure 
and biological activity of a novel human neurotrophic factor. Neuron 
4, 767-773. 
Ruben, Ft. J. (1967). Development of the inner ear of the mouse: a 
Neuron 
1164 
radioautographic study of terminal mitoses, Acta Otolaryngol. (Suppi). 
220, 1-44. 
Sans, A., and Chat, M. (1982). Analysis of temporal and spatial patterns 
of rat vestibular hair cell differentiation by tritiated thymidine radioau- 
tography. J. Comp. Neurol. 206, 1-8. 
Schectereon, L. C., and Bothwell, M. (1994). Neurotrophin and neuro- 
trohin receptor mRNA expression in developing inner ear. Hear. Res. 
73, 92-100. 
Shnerson, A., Devigne, C., and Pujol, R. (1981). Age-related changes 
in the C57BU6J mouse cochlea. II. Ultrastructural findings. Brain Res. 
254, 77-88. 
Sobkowicz, H. M., and Emmerling, M. R. (1989). Development of ace- 
tylcholinesterase-positive n uronal pathways in the cochlea of the 
mouse. J. Neurocytol. 18, 209-224. 
Van De Water, T. R. (1976). Effects of removal of the statoacoustic 
ganglion complex upon the growing otocyst. Ann~ Otol. Rhinol. Laryn- 
gol. 85, 1-32. 
Van De Water, T. R., Galinovic-Schwartz, V., and Ruben, R. J. (1989). 
Determinants of ganglion-receptor cell interaction du ring development 
of the inner ear. Acta Otolaryngol. (Stockh.) 108, 227-237. 
Van De Water, T. R., and Ruben, R. J. (1983). A possible mechanism 
for the establishment of innervation of inner ear sensory structures. 
Acta Otolaryngol. (Stockh.) 95, 470-479. 
Van De Water. T. R., Wersall, J., Anniko, M., and Nordeman, H. (1978). 
Development of the sensory receptor cells in the utricular macula. 
Otolaryngology 86, 297-304. 
Vazquez, E., Van De Water, T. R., Del Valle, M., Vega, J. A., Staecker, 
H., Giraldez, F., and Represa, J. (1994). Pattern of trkB protein-like 
immunoreactivity invivo and the in vitro effects of brain-derived neuro- 
trophic factor (BDNF) on developing cochlear and vestibular neurons. 
Anat. Embryol. (Bed.) 189, 157-167. 
yon Bartheld, C., Patterson, S., Heuer, J., Wheeler, E., Bothwell, M., 
and Rubel, E. (1991). Expression of nerve growth factor (NGF) recep- 
tors in the developing inner ear of chick and rat. Development 113, 
455-470. 
Warchol, M. E., Lambert, P. R., Goldetein, B. J., Forge, A., and Corwin, 
J. T. (1993). Regenerative proliferation in inner ear sensory epithelia 
from adult guinea pigs and humans. Science 259, 1619-1622. 
Ylikoski, J., Pirvola, U., Moshnyakov, M., Palgi, J., Arumae, U., and 
Saarma, M. (1993). Expression patterns of neurotrophin and their re- 
ceptor mRNAs in the rat inner ear. Hear, Res. 65, 69-78. 
Zhou, X. N., and Van De Water, T. R. (1987). The effect of target issues 
on survival and differentiation of mammalian statoacoustic ganglion 
neurons in organ culture. Acta Otolaryngol. (Stockh.) 104, 90-98. 
